AC and DC Conductivity Anisotropics in Lightly Doped La2-a;Sr2;Cu04 
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The AC and DC conductivity anisotropies in the low temperature orthorhombic phase of lightly 
doped La2-2:SriCu04 are ascribed to the rotational symmetry broken, localized impurity states 
resulting from the trapping of doped holes by Sr ions. The two lowest-energy p-wave-like states 
are split by orthorhombicity and partially filled with holes. This leaves a unique imprint in AC 
conductivity, which shows two distinct infrared continuum absorption energies. Furthermore, the 
existence of two independent channels for hopping conductivity, associated to the two orthorhombic 
directions, explains quantitatively the observed low temperature anisotropies in DC conductivity. 

PACS numbers: 78.30.-j, 74.72. Dn, 63.20.Ry, 63.20.dk 



Introduction — Understanding the evolution from a 
Mott insulating behavior until the realization of high 
temperature superconductivity in lamellar copper-oxides 
is one of the most challenging problems in condensed 
matter physics. It is widely agreed that t — J-like 
models already capture the essential features of under- 
doped cuprates such as a Fermi surface (FS) com- 
posed of small pockets However, while the rather 
low frequency of quantum Hall oscillations observed in 
YBa2Cu306.5 as well as de Haas-van Alphen effect 
support the small FS scenario, the vaHdity of such 
strong coupling, single band description has been recently 
put under scrutiny, after a new analysis of the optical 
conductivity spectra in La2-a;Sra;Cu04 Further in- 
formation can also be obtained through a careful analysis 
of magnetic, optical, and transport experiments, such as 
the ones performed in untwinned La2-£cSra;Cu04 single 
crystals, the simplest representative of this class of com- 
pounds jsl . Understanding these experiments might ulti- 
mately help us clarify the role of interactions in cuprates. 

Infrared (IR) spectroscopy is a very useful tool to in- 
vestigate the charge dynamics in metals and semiconduc- 
tors. The analysis of the AC conductivity spectrum of 
La2-a;Sra;Cu04, for x = 0.03 and 0.04, by Dumm et al. 

revealed that: i) at high temperature, T > 80 K, a 
Drude-Hke response is observed, suggesting that the elec- 
tronic conductivity is bandhke even for such low doping, 
which is consistent with the mobility analysis of the DC 
conductivity ii) at lower temperature, instead, the 
suppression of the Drude-like behavior in the far IR, with 
the observation of a peak centered at finite frequency to, 
points towards the localization of the charge carriers [^, 
much Hke as it happens in doped semiconductors. The 
position of such peak can be associated to the typical 
energy scale for localization, the binding energy of the 
holes. Most remarkable, however, is the observation of 
two distinct absorption energies for light polarized along 
the two orthorhombic axis. A— and B— channels 



The DC conductivity in Hghtly doped La2-a;Srj;Cu04 
can also be divided into two main regimes: metallic (ban- 
dlike) and insulating (hopping) (1, [l0| . At higher to mod- 
erate temperatures, a simple Drude picture for the hole 
conductivity, a = ne^r/m* , is able to explain (surpris- 
ingly) quite well the rather weakly anisotropic DC con- 
ductivity data. At lower temperature, however, when 
the holes localize, hopping conductivity between impu- 
rity sites becomes the main mechanism for the transport, 
which is found to be clearly anisotropic and also exhibits 
two different temperature scales for the onset of localiza- 
tion [lol |. also called freezing-out temperatures de- 
pending on the direction of the applied electric field. 

In this letter we unveil the mechanism behind the un- 
usual and anisotropic charge dynamics in lightly doped 
La2-3;Sr2;Cu04, summarized in the two preceding para- 
graphs. We demonstrate that the two energy scales 
found in the AC response are associated to the two 
lowest-energy, parity-odd, rotational-symmetry-broken 
p-wave impurity states for holes trapped by Sr ions in 
La2_a;Sr2;Cu04. Furthermore, we show that the exis- 
tence of two independent impurity channels for hop- 
ping conductivity, explains naturally the low tempera- 
ture DC conductivity anisotropies [1q||. The relationship 
between a rotational non-invariant impurity state and 
anisotropic DC response was first acknowledged by Ko- 
tov and Sushkov, who considered the deformation of a 
single, parit y-ev en, Hydrogenic Is orbital due to spiral 
correlations |ll|. As we shall soon see, the selection rules 
for IR absorption, and the optical spectrum, are consis- 
tent, instead, with two parity-odd p-wave functions [7j|. 

Electronic Structure — According to exact diagonal- 
ization studies for the t — t' — J model on a square lat- 
tice 14, the ground state for a hole bound to 



a Sr charged impurity at the center of a 4-Cu plaquette 
is doubly-degenerate and parity-odd. The presence of 
the Sr impurity breaks the translational symmetry of the 
square lattice and the different possible localized states 
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FIG. 1: (Color online) Top-Left: Sr ion at the center of a 4-Cu 
plaquette and the reflection axis Pe, Py. Top-Right: Localized 
energy levels and their irreducible representations of the D4h 
point group. The ground state is doubly degenerate and 
parity odd (note that we are using the hole picture here, so 
the energy axis is reversed). Bottom-Left: Aig, B2g, and 
Eu wave functions. Bottom-Right: The delocalized hole has 
dispersion with maxima at (±7r/2, ±7r/2) and belongs to B29. 



can be classified according to the irreducible representa- 
tions of the Cav point group, labeled by the eigenvalues 
of the reflection operators Px and Py, {Px,Py) [15|. The 
doubly-degenerate ground state belongs then to the two- 
dimensional E representation and corresponds to the de- 
generate (+, — ) and (— ,+) states There is a 
low- lying excited s-wave state which belongs to Ai, la- 
beled by (+,+), and a higher energy d-wave state be- 
longing to B2, labeled by (— , — ) For the continuum 
part, the single delocalized hole state of the t — t' — J 
model is labelled by its momentum k and corresponds 
to the maxima of the parity-even eUiptical hole pockets 
centered at (±7r/2, ±7r/2)g (in units a = 1), see Fig.[TJ 

In what follows, however, it will be more conve- 
nient to consider explicitly the symmetry reduction in 
La2-a;Sr2;Cu04 from the high temperature tetragonal 
(HTT) phase, with crystal structure M/mmm and point 
group I?4/i, down to the low temperature orthorhombic 
(LTO) phase, with Bmab crystal structure (a and b are 
the two planar orthorhombic axis shown in Fig. [H with 
b > a) and associated D2/1 point group. In this case, 
the double degeneracy of the ground state is lifted by 
the orthorhombicity, and the character of the parity-odd 
ground state is reduced following Eu — > B2ti + ^3u- Anal- 
ogously, the higher energy states are reduced according 
to Aig Ag and i?2g Ag. Finally, also the single 
delocalized hole state, labelled by (±7r/2, ±7r/2)g, has its 



symmetry modifled from B: 
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Following Kohn and Luttinger (KL) fig , 
the wave functions corresponding to the i = 
B3u,B2u,Ag,Ag states can be generally written as 
- EM"M^;W0(kp,r), where 0(k^,r) = e*--Uk,(r) 
and Uk^, (r) is a periodic Block wave function with minima 
at k^ — k^jj. The index fi runs over the k+ — {n/2, 7r/2), 
k+ = (-V2,7r/2), k- = (-7r/2,-7r/2), and 
k^ — (7r/2,— 7r/2) pockets, and the envelope func- 
tions read i^^(r) = (tt^^)"^/^ e"*"/^ , where controls 
the exponential decay of the wave function for the 
i-th impurity level. The parity-odd coefficients, 
= (1/2)(1, 0,-1,0) and a^- = (l/2)(0, 1, 0, -1), 

A s 

as well as the parity-even ones, afj."' — (1/4)(1, 1, 1, 1) 
and a^"' = (1/4)(1, — 1, 1, — 1), are determined by 
the relevant symmetries of the Bmab point group [Iq . 
The KL ^'i wave functions (see Fig. [T]) do not include, 
however, the information that the holes are incoherent 
over a large part of the pockets [3| . These effects will be 
reported elsewhere and for now it suffices to acknowledge 
the p-orbital shape of the lowest energy impurity states. 

The orthorhombic splitting E^ B^u + B2U is deter- 
mined by the competition between the Coulomb potential 
from the Sr ion, which favors a ground state (6 > o), 
and the next-to-nearest-neighbor hopping ijj > ij, |171 |. 
which favors a i?2« ground state. In what follows we 
shall argue that: i) for x — 0.01, when the Sr ion is poorly 
screened, the B^u state becomes the ground state; ii) for 
X — 0.03, instead, the B2U state becomes the ground state 
(most Hkely due to better screening) , causing a switch of 
the DC conductivity anisotropies (a related switch is also 
observed in the Raman intensity anisotropies [l9|). 

AC spectrum and IR Selection Rules — The fi- 
nite frequency peaks observed in the AC spectrum of 
La2-a;Sra;Cu04 for a; = 0.03,0.04 [7|] are related to the 
absorption, by the continuum, of the photoionized hole 
states, made possible by the electric-dipole coupling. 
Within the framework of the D2h group, a dipole along 
the a/b axis belongs to the i33u/^2« irreducible repre- 
sentations, respectively. Since the single delocaHzed hole 
belongs to Ag, the only allowed electric dipole transi- 
tions are: i) absorption of a B^u hole for E \\ a, since 
Bsu X B^u — Ag-, ii) absorption of a B2u hole for || 6, 
also because B2u x B2u = Ag, see Fig. [21 determining 
unambiguously the odd parity of the ground state. 

The energy difference between the AC peaks at Eq — ea, 
for the A— channel, and at £0 — ^s, for the B— channel, 
is a direct measure of the orthorhombic level splitting. 
For X = 0.03,0.04 such splitting is ^ 30 K and the 
B^u state is shallower than the -8211 state, see Fig. [21 For 
X = 0.01, in turn, we shall argue that this situation is 
reversed, causing the DC anisotropy switch fl9| . 

Disorder Bandwidth — Each Sr ion doped into 
La2-2;Sr2:Cu04 acts as an acceptor and introduces pre- 
cisely one hole into the system. Nevertheless, a sizable 
bandwidth of disorder W can allow for unoccupied accep- 
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FIG. 2: (Color online) Localized deep and shallow acceptor 
states, as well as continuum states, for x = 0.03 (again, the 
energy axis is reversed). A bandwidth W allows for empty 
sites above and sites with two holes below fi. Both B2u and 
Bsu states are partially occupied at T = 0, in fractions Sa and 
Sb, and provide different populations of pockets at T 7^ 0. 



tor sites above the chemical potential and, as imposed by 
charge neutrality, acceptor sites with two holes below it, 
see Fig. [2l Observe that even though double occupancy 
of the i?2ti or B^u levels is forbidden due to the large on- 
site Coulomb repulsion U, the rather large size of the two 
orthogonal p-wave-Hke orbitals allows for the presence of 
one hole at each of the -8211 and i?3„ levels, independently, 
with small energy cost. More importantly, the fraction 
(or percentage) of empty i?2u states above fi in Fig. [21 
1 — Sb, is the same as of filled B^u states below it, Sa, 
such that the number of carriers participating in hopping 
conductivity for both channels is the same. 

Hopping Regime — The conductance due to phonon 
assisted hopping between two p-wave like orbitals at sites 



i and j, separated by a distance R^ , reads 

G,, = cos' e., |e^^^-/'^--^e-2i?,,/c| ^ 



(1) 



where AEij is the energy difference between the two im- 
purity sites, and 0y is the angle between Ry and the di- 
rections of the p-orbitals. Here we considered only ti-type 
overlaps, Gq, and neglected the weaker 7r-type overlaps. 

When the temperature is still reasonably high the hole 
at site i can hop to its nearest impurity site j, as long as 
this is not already occupied, in the nearest impurity hop- 
ping (NIH) regime The conductivity is calculated 
by replacing in ([1]): {Rij) = R, (AEij) = ec, and averag- 
ing out (cos^Oij), where R and Ec are, respectively, the 
average inter-impurity distance and energy difference 



(Tnih(T) = (Toexp 



(2) 



When the temperature is very small, however, dj is de- 
termined by the critical conductance Gc of a percolated 
random resistance network (RRN) j2l|. In this case. 



the maximum: i) carrier jump distance Rmax, ii) energy 
difference AEmax, and iii) angle Qmax, are constrained 
through the density of states. The result is Mott's vari- 
able range hopping (VRH), that for d = 2 reads [12 1 



<yvRH{T) = CToexp 



1/3- 



(3) 



where Tq — 13.8/A:BA*'e(M)C^, and Nq{^) is the constant 
density of states close to the Fermi level within the soHd 
angle determined by 2Qmax (for the isotropic VRH case 
2Qmax — 27r). Both Ec and Tq decrease with doping, and 
the crossover between NIH and VRH regimes occurs at 
e, = -dlii{avRHiT))/dp, with (3 = l/ksT 0. 

DC Hopping Conductivity Anisotropy — The DC con- 
ductivity for arbitrary direction of the electric field re- 
ceives contribution from both channels, (JB^^iT) and 
(7b3„(T), where cf(B^^,B3^){T) are hopping conductivities 
between two B(2u,3u) ~^ ^(2u,3u) states, either NIH or 
VRH, which is assisted by the strong Ag phonons, while 
the cross hopping between i?2ti ^ Bsu will be neglected, 
since these involve the much weaker Big phonons. 

Most importantly, since the conductivity is propor- 
tional to the square of the carrier distance jump pro- 
jection into the direction of the electric field, (R^j • e)^. 



VRH 



(T) 



cos''ecos2(/3-e)de, (4) 



where /3 is the angle between e and the B2u orbital (for 
the Bzu case we would have sin^ (/3 — 9) instead). Now, 
for E \\ a,b and Qmax < 7r/4, we have ctbs^/'^'bs^ > 1) 
for the Bsu channel, and <^b2^/'^B2u ^ ^' 
channel, showing that the conductivity for || a is dom- 
inated by (7A(r) « a%^jT), while for || & it is dom- 
inated by ctb{T) ~ aB^^{T). Finally, the orthorhombic 
splitting between these two channels, with ^^3^ 7^ £,82^, 
renders the DC hopping conductivity anisotropic. 

Drude Regime — At high temperature the doped holes 
are ionized from the B^u and -8211 impurity levels, to 
occupy the valence band pocket states at and , re- 
spectively, see Fig. [21 For E \\ a{h), the transport is dom- 
inantly due to the coherent holes with momenta along 
ka(kb) and mass to*, and a simple Drude model 



A,B 
^ Drua 



Co TO* 



(5) 



suffices to describe the experimental data. Here e is the 
electric charge, cq — 6.6 A is the interlayer distance, and 
l/r is the relaxation rate. The thermal activation of car- 
riers is considered through the average thermal occupa- 



tion (ji^b) —2n 



Ad^a,bI{\ + V 1 + 4g(nO^/AAo)e''^/ ' ), 
where 5 = 2 accounts for pseudospin (sublattice) degen- 
eracy, A/o = iVo T , with TVq being the two dimensional 
density of states, Sa,b are the T = fractions of B3u,2u 
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FIG. 3: (Color online) Fraction of thermally ionized holes and 
DC conductivities in (m-Sl-cm)^^, for x = 0.01,0.03. 



impurities, satisfying Sa + Sb = 1, ef'^ — {£q — £a,b) are 
the freezing out (or binding) energies, and — xjc? . 

Comparison with Experiments — In Fig. [3] we show the 
comparison between theory and DC conductivity data 

for X = 0.01,0.03. For Ag{n°jy/Afo)e'^''f''' > 1, low T, 
CDrude is exponentially suppressed and the data are well 
fitted using the (tvrh and unih expressions |[3| and 



^ 1, instead, 



121), respectively. For 'ig{nljj/Mo)e'^^j' 
at higher T, when almost the totality of holes are ion- 
ized, a Drude dominates and we can use Eq. |[5|). Finally, 
we use 1/t{T) data obtained from fits to the mobility 
^ = eT/m* [81], which can be well parametrized by the 
simple Fermi liquid expression 1/t(T) = I/tq + aT^. 
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32829 K, 



= 125.09 

B _ 



For X = 0.01 we find: i 
K, and 5a = 0.52, for E/fa, and ii) = 30878 K, 
99.97 K, and 5b = 0.48, for E//b. Notice that the ratio 
To/Tq = > 1^ indicating that the B^u state is 

the ground state, is slightly more populated, and the i?3u 
and B2u splitting is very small. Here we used ej = 200 K 
-B ^ ^QOiV c^^A Ar„ ~ 1 Q in-3T 



and ef « 180 K, and Nq ^ 1.8 x lO-^K-i/a^. We note 
that the NIH regime extends up to 250 K, when weighed 
by the thermal occupation of local levels. 

For X = 0.03 we find: i) = 94.38 K, = 15.2 K, 
and 5a = 0.4, for E \\ a, and ii) = 107.2 K, ef = 24.1 
K, and 5b = 0.6, for E//b. Notice that we now have 
T^/Tq = £f/£f < 1, and the B2u state becomes the 
ground state. The B2u and B^u splitting is much larger. 



split 

around 30K, in agreement with [7||. We used — 110 
and we use the same value for Nq. 
Anisotropy Switch at High T — Due to the existence 
of two regimes for conductivity, hopping and Drude, a 
switch of anisotropies is expected to occur at high T [10|. 
For X = 0.02 — 0.04, we find a a > (Jb at very low T, since 
they all have a B2u ground state, while cta < ctb at high 



leyai 

T since (n^^) < (nf^), see Fig. [3 For a; = 0.01, 
which has a B^u ground state, the same analysis apply. 



we observe a smooth convergence of conductivities for 
120 < T < 250 K, Fig. [31 and a regime with (Ta > cfb 
would occur only at much higher T (not measured). 



The values for 



'3D 



'2D 



/co, TO* 



4TOe, and ef'^, 



are all consistent with Hall coeficient [24I and optical 
conductivity (7l.l23|. 

Conclusions — In lightly doped La2-a;Sr;iCu04, corre- 
lations open a Mott gap in the spectrum, place the top 
of the valence band close to (±7r/2, ±7r/2), and stabiHze 
a parity-odd ground state. Once the stage is set, the pe- 
culiar AC and DC responses can be promptly described 
using basic concepts from p-type semiconductor physics. 
In particular, all the novel anisotropies arise from the 
parity-odd, rotational-symmetry-broken deep and shal- 
low acceptor levels, which are split by orthorhombicity. 
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